Abstract: Isolated microgrids must be capable to perform autonomous operation without external 1 grid support. This leads to a challenge when non-dispatchable generators are installed because 2 power unbalances can produce frequency excursions compromising the system operation. This 
Introduction

13
The integration of distributed generation requires the development of new concepts for active 14 grid operation, where microgrids are the most promising one [1] . Microgrids are capable to operate in 15 grid connected and in isolated modes [2, 3] . In isolated mode, the active power balance to maintain the 16 grid frequency has become one of the main challenges. The integration of large amount of photovoltaic 17 (PV) generation can stress even more the power balance due to the lack of inertia and the fast power The main difference is that in the present paper the PI is a central controller that coordinate all 147 the diesel units, while in [23] a single unit is considered.
148
• LC for the PV power plant: this LC implements a power-frequency droop curve to provide 149 support to the grid. Reducing the active power will always be possible, but to increase it (under 150 frequency events) will depend on the available active power. The controller is also capable to 151 perform power curtailments. A maximum PV power setpoint is received externally and a PI 152 controller computes the active power setpoint of each PV inverter. This controller is defined in
153
[24], but the ramp rate limitation is not taken into account.
154
• LC for the battery: this controller receives externally an active power sepoint and applies a 155 power-frequency droop curve to provide grid support. The output is the droop modified 156 setpoint. The inner control loops will be in charge of reaching this value of active power. The
EMS design requirements
160
The purpose of this section is to describe the steps followed for designing the EMS. The process is 161 depicted in Figure 2 . It shows that the EMS requirements are mainly determined by the characteristics 162 of the system it will operate (System definition), the usage of the forecasting information (System data 163 processing) and the identified operational requirements (System operation requirements).
164
First, the system characteristics are gathered -mainly the electrical characteristics and the 165 forecasting available data-assuming grid isolated operation. Then, a statistic analysis of the forecasting 166 for PV generation and demand is performed to identify the probability distribution of their errors.
167
This allows to generate random forecast scenarios (as detailed in Section 3.5. Next, the operation for 168 the storage system is defined considering long term variability of PV generation and demand. The 169 minimum number of diesel generating units needed to face the largest demand change expected in the 170 system is also determined. Finally, the EMS is designed, with two main purposes. On the one hand, 171 the optimization problem is formulated based on the steady state equations determining the power 
PV & load forecasting
Local controller balances in the system and limiting system variables. On the other hand, a frequency constraint, which will be included in the optimization problem, is formulated (based on dynamic simulation results)
174
relating the PV power generated, the battery power and the number of connected diesels with the 175 minimum allowed frequency after a maximum power unbalance in the system.
176
The EMS performance is described in Section 3.2. The execution cycle of the EMS is detailed in Section 177 3.3. The procedure to determine the frequency constraint is explained in Section 3.4. For the stochastic 178 optimization problem it is required to generate a number of random scenarios, which is explained in 179 Section 3.5. Finally, the whole optimization problem formulation is addressed in Section 3.7. 
EMS performance
181
The objective is to achieve the optimal utilization of the PV energy while achieving a 182 generation-demand balance maintaining the grid frequency. In addition, it ensures that the minimum 183 frequency ( f mn ) reached after a severe generation-load unbalance is between the limits (see Section 3.4 184 and the frequency constraint explained later for more detail).
185
The output variables (the setpoints to the generation and storage units) of the EMS are i) number
186
of diesel generators to be connected (D * con ); ii) the setpoint to the battery (P * bat ); and iii) the maximum PV Figure 3 ). Then, the SOC at the beginning of the EMS period T+1 is estimated using the current SOC 202 and the battery setpoints for the current execution period. this strategy leads to a costly (fuel cost) and pollutant (CO 2 emissions) solution. Accordingly, the 216 optimal solution is to connect the minimum number of rotating machines that ensures that, after a 217 maximum power unbalance, the grid frequency will be kept in the required range.
218
So, the approach of this paper is to obtain an empirical linear equation determining the minimum 219 frequency reached after a maximum power unbalance. This expression will be then used in the 220 optimization algorithm.
221
To obtain this expression, the worst case is first defined. The load and PV production of a real 222 microgrid have been monitored with 1 second resolution during 6 days and with 30 second resolution 223 during 1 year. Using load data, a maximum load variation of 1.5 MW in 1 second has been identified.
224
This severe variation could have been produced due to the disconnection of a big load. For the case 225 of PV data, it was registered a maximum power variation of 1 MW in 1 second. According to the 226 available recorded data, these changes will not occur simultaneously. So, the worst case considered is 227 that the maximum power unbalance will occur after a sudden load variation of 1.5 MW, representing 228 the situation when the maximum frequency deviation will occur. 
The minimum frequency reached after the maximum power variation are represented in Figure   241 4 as a box plot against the ON dies , P bat and P PV * max . For each of the decision variables is possible to 242 observe the tendency of the minimum frequency reached. The lower is the P bat and P PV * max the higher
243
(in absolute values) is the maximum frequency deviation reached. On the other hand, the lower 244 is the ON dies the lower is maximum frequency deviation reached. Figure 5 shows the summary of performing a linear regression, it can be observed that the coefficients for the P PV * max and P bat are P.batThe forecast errors are considered by using stochastic formulation. Particularly in this paper,
256
a number of N s scenarios are generated (more details are given in section 3.5). Then, the decision 257 variables are constant for all scenarios, i.e. devices receive the same setpoints in all scenarios. In 258 contrast, the rest of the variables will be computed depending on each scenario. This way, the 259 optimization problem ensures finding decision variables that fulfils the problem constraints for all 260 scenarios generated. Then, global objective function will be the sum of objective function of each 261 scenario. Note that as more probable is a scenario, more times will be generated and more times will 
Sets
273
The sets defining the EMS executions and the time resolution are shown in (2) and (3) respectively.
274
T EMS = {1, ..., n TEMS } (2)
Where n TEMS is the number of the remaining executions of the optimization algorithm until 275 the end of the day and n Tintra is the number of periods of T intra s between two executions of the 276 optimization algorithm.
277
The index of the diesel generators are defined by the set (4), where N d is the total number of diesel 278 generators.
It is considered stochastic optimization to take into account forecast errors. Hence, each The decision variables are those that the optimization algorithm will find in order to to optimize 284 the objective function.
285
The battery power setpoint is defined as (6), where positive values of power means that the battery 286 is discharging. It is also distinguished if the battery is charging or discharging. The battery charging 287 and discharging powers are defined as (7) and (8) respectively. To prevent obtaining a solution where the battery could simultaneously charge and discharge, a binary variable is defined in (9). The SOC 289 is shown in (10). In the EMS algorithm, it is assumed that the battery setpoint is the same as the real 290 battery power generation/consumption.
The diesel connection/disconnection setpoint and the power generation of each diesel generator 292 are denoted as (11) and (12) respectively. ON dies t,p is 1 if the diesel generator d at the EMS period t and 293 the intra period d is connected (and 0 otherwise).
The PV power generation of each scenario is written as (13), while the maximum PV power 295 setpoint is expressed as (14).
3.7.3. Parameters
297
The load and PV scenarios are generated according to the forecast mean values and deviations.
298
These scenarios are expressed as (15) and (16) respectively. They represent the active power of load 299 and the available PV power.
The battery capacity, the initial SOC, the battery efficiency and the maximum and minimum 301 battery active power are written as Cap bat , SOC i , η bat , P mxB and P mnB respectively. The maximum 302 and minimum active power of each diesel unit are expressed as P mxD and P mxD respectively. The The objective function it to maximize the PV power generation. To do so, the battery will be 308 charged and discharged according to the forecast and the problem requirements. At the charging and discharging process there are some power losses. So, the real useful PV power must take into account 310 them. Accordingly, the objective function is written as (17).
311
[
To linearise this function, it can be re-written as (18).
312
3.7.5. Constraints
313
The objective function has been linearized, but to prevent obtaining simultaneous charge and 314 discharge of the battery, the following constrains are included (19)- (23) 315
Then, the power balance at each period must be accomplished. This is forced by the restriction 316 (24).
Then, as commented before, a margin of diesel generation is reserved for frequency regulation.
318
So, the maximum diesel generation is limited (equation (25))
The relationship between the SOC at the instant t and the SOC at the instant t − 1 is shown in 320 (26). The SOC is between 0 and 1 p.u. This constraint is formulated as (27). On the other hand, the 321 battery power limits constraint is (28).
322
-If T EMS = 1 and T intra = 1
Then, the PV power cannot be greater than the available PV power of the corresponding scenario.
323
So, equation (29) must be included into de optimization algorithm. The PV power must be also lower 324 than the maximum PV power setpoint (30).
Each diesel unit has a maximum and a minimum power at each scenario, which is formulated as 326 (31).
Finally, the minimum frequency constraint is included in the optimization model. In the previous 328 section, it has been shown how to express the minimum frequency reached in the microgrid after a 329 maximum power unbalance. This constraint is written as (32). Figure 6 for the first case, in Figure 7 for the second case and in Figure 8 for the last case. Note that 341 the simulation has considered the execution cycle explained in Section 3.3 and the EMS outputs are 342 introduced to the dynamic model.
343
For each scenario, the top plot depicts the active power of microgrid's devices as well as the this case, the maximum available PV power is higher than the load in some periods.
356
Between the times 13h-15h, the frequency exceed the droop dead-band several times. So, the An emulated microgrid has been used for performing the experimental emulation. As described 365 in [26] , an emulator consists on a platform capable to convert software processed variables to real 366 magnitudes. Accordingly, real equipment can be tested by its interconnection to the emulator platform.
367
Hence, the system presented above can be tested properly through the emulation concept.
368
The layout of the laboratory microgrid (emulated microgrid) and its physical devices are depicted network and the SCADA system. Because it is desired to emulate the isolated operation, the switch 375 interconnecting the real system with the external grid is opened. 
Emulation results
377
The simulated results are validated using the first test case (the one presenting the highest PV be observed the same tendency in the diesel units connections and disconnections as well as in the 383 battery utilization. An important observation is that generally, the generation is greater than the load.
384
It is due to the fact that the emulators inverters has power losses. Power (w)
P load P diesel P P V used P P V avail P bat 
